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4 Lqwurgxfwlrq

Wkh Vsdfh dqg Qdydo Zduiduh V|vwhpv Fhqwhu/ Vdq Glhjr +VSDZDUV\VFHQ0

VG, dqg wkh Ghihqvh Lqirupdwlrq V|vwhpv Djhqf| +GLVD, Mrlqw Lqwhurshudelolw|

dqg Hqjlqhhulqj Rujdql}dwlrq +MLHR, kdyh ehhq lqyhvwljdwlqj phwkrgv wr lq0

fuhdvh gdwd wkurxjksxw udwhv wr 45 nlorelwv shu vhfrqg +nesv, dqg 97 nesv ryhu

wkh 80 dqg 580nK} XKI VDWFRP fkdqqhov/ uhvshfwlyho|1 Wkhuh duh/ krzhyhu/

pdq| fkdoohqjhv wr edqgzlgwk h!flhqw frppxqlfdwlrq ryhu wkh XKI VDWFRP

fkdqqho1 Iru h{dpsoh/ wkh kdug0olplwlqj wudqvsrqghu rq GrG XKI vdwhoolwhv dqg

wkh qrq0olqhdu dpsol�huv riwhq xvhg lq hduwk vwdwlrq dqg vdwhoolwh kljk srzhu

dpsol�huv kdyh wkh h�hfw ri uhprylqj doo dpsolwxgh prgxodwlrq iurp wkh wudqv0

plwwhg vljqdo dqg surgxflqj vshfwudo uh0jurzwk1

Lq ylhz ri wkhvh fkdoohqjhv wzr zhoo0nqrzq edqgzlgwk h!flhqw whfkqltxhv/

wuhoolv0frghg prgxodwlrq +WFP, dqg frqwlqxrxv0skdvh prgxodwlrq +FSP,/ zhuh

ruljlqdoo| frqvlghuhg dv phwkrgv wr lqfuhdvh wkh XKI VDWFRP gdwd udwhv1

Diwhu d shulrg ri whvwlqj erwk phwkrgv/ FSP zdv sursrvhg dv wkh qhz 80 dqg

580nK} XKI VDWFRP vwdqgdug zdyhirup lq PLO0VWG04;;04;4E ^4`1

Wkh sxusrvh ri wklv sdshu lv wr surylgh d ghwdlohg ghvfulswlrq ri xqfrghg dqg

frghg FSP/ lqfoxglqj surriv ri vrph ri lwv surshuwlhv/ vrph h{dpsohv/ glvfxv0

vlrq ri shuirupdqfh wudgh0r�v/ ghulydwlrq ri wkh edvhedqg fruuhodwlrq uhfhlyhu/

uhylhz ri v|qfkurql}dwlrq phwkrgv/ dqg shuirupdqfh vlpxodwlrqv ri vrph ri wkh

FSP zdyhirupv vshfl�hg lq PLO0VWG04;;04;4E ^4`1 Wkh uhpdlqghu ri wklv

grfxphqw surylghv d ghvfulswlrq ri wkh FSP zdyhirup +vhfwlrq 5,/ wkh frghg

FSP zdyhirup +vhfwlrq 6,/ v|qfkurql}dwlrq phwkrgv +vhfwlrq 7,/ dqg vlpxod0

wlrq uhvxowv +vhfwlrq 8,1 Wr rewdlq d frs| ri wkh vlpxodwlrq vriwzduh zulwwhq lq

PDWODE frgh sohdvh frqwdfw wkh wklug dxwkru +hpdlo= fpdlCvsdzdu1qdy|1plo,1
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5 FSP Zdyhirup

FSP lv d frqvwdqw dpsolwxgh/ skdvh0prgxodwhg whfkqltxh lq zklfk wkh skdvh lv

frqvwudlqhg wr eh frqwlqxrxv hyhu|zkhuh/ lq sduwlfxodu dw v|pero wudqvlwlrqv> vhh

Dqghuvrq/ Dxolq dqg Vxqgehuj ^5` iru d ghwdlohg ghvfulswlrq ri wklv prgxodwlrq

whfkqltxh1 Wklv vfkhph ri vprrwklqj rxw wkh skdvh glvfrqwlqxlwlhv dw v|pero

wudqvlwlrqv uhgxfhv vshfwudo vsuhdglqj uhodwlyh wr rwkhu frqvwdqw dpsolwxgh whfk0

qltxhv zklfk kdyh skdvh glvfrqwlqxlwlhv dw v|pero wudqvlwlrqv1 Iru h{dpsoh/ dw

v|pero wudqvlwlrqv txdwhuqdu| skdvh0vkliw nh|lqj +TSVN, fdq fkdqjh skdvh e|

	<3 �
ru 4;3 �

dqg r�vhw TSVN +RTSVN, fdq fkdqjh skdvh e| 	<3 �
1 FSP

prgxodwlrq lqfoxghv erwk frqwlqxrxv0skdvh iuhtxhqf|0vkliw nh|lqj +FSIVN,

dqg plqlpxp0vkliw nh|lqj +PVN, dv vshfldo fdvhv1

514 Zdyhirup Gh�qlwlrq

Wkh FSP zdyhirup lv gh�qhg e|

v+w>�, /

u
5Hv

Wv

frv+5�i3w. !+w>�,,> +4,

zkhuh H
v
lv wkh hqhuj| shu v|pero/ W

v
lv wkh v|pero gxudwlrq dqg i3 lv wkh

fduulhu iuhtxhqf|1 Diwhu dssolfdwlrq ri d idploldu wuljrqrphwulf lghqwlw|/ wkh

FSP zdyhirup pd| eh uhsuhvhqwhg htxlydohqwo| dv

v+w>�, @

u
5H

v

W
v

^L+w>�, frv 5�i3w�T+w>�, vlq 5�i3w` > +5,

zkhuh wkh lq0skdvh frpsrqhqw/ L+w>�,/ lv gh�qhg dv

L+w>�, / frv!+w>�, +6,

dqg wkh txdgudwxuh frpsrqhqw/ T+w>�,/ lv gh�qhg dv

T+w>�, / vlq!+w>�,= +7,

Lq wklv whfkqltxh/ wkh wudqvplwwhg lqirupdwlrq lv fduulhg lq wkh skdvh/ !+w>�,/
gh�qhg e| wkh h{suhvvlrq

!+w>�, @ 5�
.4[

l@�4

kl�lt+w� lWv,> +8,

lq zklfk wkh gdwd vhtxhqfh/ � @ += = = > ��4> �3> �.4> = = = ,/ lv frqyroyhg zlwk d
skdvh uhvsrqvh ixqfwlrq/ t+w,1 Hdfk gdwd v|pero/ �l/ lv jhqhudwhg e| �uvw jurxs0
lqj dq lqfrplqj vwuhdp ri elwv/ el3 / lqwr vxffhvvlyh eorfnv ri lqirupdwlrq elwv/ el/
ri ohqjwk p/ dqg wkhq pdsslqj hdfk eorfn ri lqirupdwlrq elwv lqwr dq P 0du|
v|pero doskdehw P @ i	4>	6> = = = >	+P � 4,j/ zkhuh P @ 5p1 Lw iroorzv/
wkhq/ wkdw Wv @ pWe/ zkhuh We lv wkh elw gxudwlrq/ dqg dovr wkdw wkh v|pero udwh/
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Uv / 4@Wv/ lv jlyhq e| Uv @ Ue@p/ zkhuh Ue lv wkh elw udwh1 Vhh ehorz iru d

eorfn gldjudp ri d edvhedqg FSP wudqvplwwhu +Ilj1 4,1

6HULDO
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3DUDOOHO

%LQDU\

WR

0�DU\

0DSSLQJ

0�DU\

&30

0RGXODWRU

��� .W,

��� .W4

L
E

c

P

L
.

LE

Iljxuh 4= Eorfn gldjudp ri edvhedqg FSP wudqvplwwhu1

Wkh vhtxhqfh ri uhdo0ydoxhg frqvwdqwv/ K @ ikl = l @ l prg Kj/ fdoohg prg0

xodwlrq lqglfhv/ ghwhuplqhv krz pxfk wkh skdvh fkdqjhv zlwk hdfk gdwd v|pero1

Wkh phdqlqj ri wkh qrwdwlrq/ kl/ lq htxdwlrq +8, lv wkdw rqo| K gl�huhqw frq0

vwdqwv duh xvhg lq d f|folfdo idvklrq/ l1h1/ = = = > k3> k4> = = = > kK�4> k3> k4> = = = > kK�4>

= = = 1 Zkhq K @ 4/ wkhuh lv rqo| rqh prgxodwlrq lqgh{/ ghqrwhg k3 @ k/ dqg wkh

zdyhirup lv fdoohg frqvwdqw0k FSP ru vlpso| FSP> zkhq K A 4/ wkh zdyhirup

lv fdoohg pxowl0k FSP +PKFSP,1

Wkh skdvh uhvsrqvh/ t+w,/ ghvfulehv krz wkh xqghuo|lqj skdvh fkdqjh/ 5��lkl/

hyroyhv zlwk wlph dqg lv gh�qhg dv wkh lqwhjudo ri wkh lqvwdqwdqhrxv iuhtxhqf|

sxovh/ j+w,/ e| wkh htxdwlrq

t+w, /

]
w

�4

j+�,g�= +9,

Iurp wklv lqwhjudo htxdwlrq dqg htxdwlrq +8, lw lv fohdu wkdw wkh vkdsh ri j+w,
ghwhuplqhv wkh vprrwkqhvv ri wkh lqirupdwlrq fduu|lqj skdvh/ !+w>�,1 Lq sdu0

wlfxodu/ wkh juhdwhu wkh vprrwkqhvv ri j+w, wkh pruh judgxdo duh wkh skdvh wudq0

vlwlrqv/ surgxflqj d idvwhu udwh ri uhgxfwlrq ri wkh vshfwudo vlgh orehv ri wkh

zdyhirup1

Lw lv dvvxphg wkdw wkh sxovh/ j+w,/ lv erxqghg/ l1h1/ mj+w,m � E ? .4 iru doo

w/ dqg ri �qlwh gxudwlrq/ OWv/ l1h1/ j+w, � 3 iru w ? 3/ dqg w A OWv1 V|vwhpv

iru zklfk O @ 4 doorz sxovh vkdslqj rqo| ryhu d vlqjoh v|pero lqwhuydo dqg duh

fdoohg ixoo0uhvsrqvh ^6`> v|vwhpv iru zklfk O A 4 doorz sxovh vkdslqj ryhu vhyhudo

v|pero lqwhuydov dqg duh fdoohg sduwldo0uhvsrqvh ^7`1 Vhh ehorz +Ilj1 5, iru vrph

h{dpsohv ri ixoo0uhvsrqvh dqg sduwldo0uhvsrqvh sxovhv ri gl�huhqw vkdshv dqg

wkhlu skdvh uhvsrqvhv1 Wkh sxovh vshfl�hg e| PLO0VWG04;;04;4E lv wkh ixoo0

uhvsrqvh uhfwdqjxodu vkdsh uhihuuhg wr dv wkh 4UHF sxovh +Ilj1 5/ 4UHF,>

frqvwdqw0k FSP zlwk d 4UHF sxovh lv htxlydohqw wr FSIVN1

E| yluwxh ri wkh vprrwklqj surylghg e| wkh rshudwlrq ri lqwhjudwlrq dqg

diwhu qrupdol}lqj j+w, li qhfhvvdu|/ lw fdq eh suryhg wkdw wkh skdvh uhvsrqvh

vdwlv�hv wkh iroorzlqj surshuwlhv=

41 t+w, lv d frqwlqxrxv ixqfwlrq/ iru �4 � w � .4/ dqg

51 t+w, @

�
3/ li w � 3
4
5
/ li w � OWv=
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Iljxuh 5= Lqvwdqwdqhrxv iuhtxhqf| sxovhv/ j+�,/ dqg wkhlu fruuhvsrqglqj skdvh

uhvsrqvhv/ t+w,/ iru skdvh vkliw nh|lqj +SVN,/ ixoo0uhvsrqvh uhfwdqjxodu +4UHF,/

sduwldo0uhvsrqvh +O @ 5, wuldqjxodu +5WUL,/ dqg sduwldo0uhvsrqvh +O @ 5, udlvhg
frvlqh +5UF,1

Sduwlwlrqlqj wkh vxp lq htxdwlrq +8, lqwr wkuhh vxpv ryhu wkh lqwhuydov �4 �

l � q�O/ q�+O�4, � l � q dqg q.4 � l � .4/ dqg wkhq dsso|lqj surshuw| 5

deryh wr t+w� lWv, lq hdfk vxp/ lw iroorzv wkdw gxulqj wkh qwk v|pero lqwhuydo/

gh�qhg e| qW
v � w ? +q. 4,W

v
/ wkh skdvh fdq eh h{suhvvhg dv

!+w>�, @ �+w>�, . �
q
> +:,

zkhuh

�+w>�, / 5�
q[

l@q�+O�4,

k
l
�
l
t+w� lW

v
, +;,

dqg

�
q
/ �

q�O[

l@�4

kl�l

@ �q�4 . �kq�O�q�O= +<,
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Wr suryh frqwlqxlw| ri wkh skdvh dw v|pero wudqvlwlrqv dv fodlphg deryh iru
FSP zdyhirupv/ zh ohw wqn eh d vhtxhqfh ri srlqwv ehorqjlqj wr wkh q

wk v|pero
lqwhuydo iru zklfk olpn$4 wqn @ +q. 4,Wv1 Dsso|lqj surshuwlhv 4 dqg 5 deryh/
lw fdq eh vkrzq wkdw

olp
n$4

!+wqn >�, @ �++q. 4,Wv>�, . ^�q . �kq.4�O�q.4�O`

@ !++q. 4,Wv>�,> +43,

e| htxdwlrqv +<, dqg +:,1 Wklv suryhv frqwlqxlw| ri wkh skdvh dw v|pero wudq0
vlwlrqv/ dqg lw vkrzv wkdw �kq�O�q�O lq htxdwlrq +<, ixqfwlrqv dv d frqwlqxlw|

fruuhfwlrq whup dw v|pero wudqvlwlrqv1

515 Shuirupdqfh Wudgh0R�v

Fkrlfh ri j dqg ri wkh ydoxhv ri wkh v|vwhp sdudphwhuv P>K> iklj> dqg O iru d
sduwlfxodu dssolfdwlrq ri FSP ru PKFSP lv/ dv lq wkh fdvh ri rwkhu zdyhirupv/
ghwhuplqhg e| d frqvlghudwlrq ri wudgh0r�v dprqj ydulrxv lqglfdwruv ri v|vwhp
shuirupdqfh1 Shuirupdqfh lqglfdwruv lqfoxghg duh vljqdo hqhuj| ru srzhu/ frp0
soh{lw|/ elw huuru udwh +EHU,/ dqg vshfwudo h!flhqf|/ phdvxuhg e| wkh zlgwk ri
wkh pdlq dqg vlgh vshfwudo orehv/ wkh udwh ri uhgxfwlrq ri wkh vshfwudo vlgh orehv/
ru wkh iudfwlrqdo rxw0ri0edqg srzhu1 Iru h{dpsoh/ lqfuhdvlqjP>K> ru O fdq lp0
suryh shuirupdqfh zlwk uhvshfw wr EHU dqg uhtxluhg vljqdo hqhuj| +Dqghuvrq hw

do1 ^5`,/ exw vxfk lqfuhdvhv dovr ghjudgh shuirupdqfh lq whupv ri lqfuhdvhg frp0
soh{lw|/ hvshfldoo| uhfhlyhu frpsoh{lw| +Vdvdvh dqg Prul ^8`,1 Rwkhu wudgh0r�v
duh ghvfulehg ehorz/ �uvw iru wkh fdvh K @ 4 dqg wkhq iru K A 41
K @ 4= Lq wklv fdvh Dqghuvrq hw do1 ^5` vwdwh wkdw li j+�, kdv f frqwlqxrxv

ghulydwlyhv/ ru htxlydohqwo| wkdw t+w, kdv f . 4 frqwlqxrxv ghulydwlyhv/ wkhq iru

dq| ydoxhv ri P>k> ru O wkh srzhu vshfwudo ghqvlw| +SVG,/ V+i,/ ghfuhdvhv
dv|pswrwlfdoo| dv

V+i, � mi m
�+5f.9, +i $4,=

Iurp wklv dv|pswrwlf uhodwlrqvkls/ lw iroorzv wkdw wkh SVG ri doo SVNprgxodwlrq

vfkhphv ghfd|v olnh mi m
�5
/ wkh SVG ri doo FSP vfkhphv zlwk uhfwdqjxodu sxovh

ghfd|v olnh mi m
�7
/ wkh SVG ri doo FSP vfkhphv zlwk wuldqjxodu sxovh olnh mi m

�9
/

dqg wkh SVG ri doo FSP vfkhphv zlwk udlvhg frvlqh sxovh olnh mi m
�;
1 Krzhyhu/

vlqfh wkh dv|pswrwlf ghfd| udwh ri wkh SVG pd| rffxu yhu| idu iurp wkh fhqwhu

iuhtxhqf|/ lqfuhdvlqj f lv qrw wkh prvw h�hfwlyh phdqv ri dfklhylqj vshfwudoo|

h!flhqw prgxodwlrq> lq idfw/ Dqghuvrq hw do1 ^5` srlqw rxw wkdw iru �{hg O odujh

ydoxhv ri f surgxfh odujh pdlq dqg �uvw vlgh vshfwudo orehv1 Vdvdvh dqg Prul ^8`

dovr vwdwh wkdw wkh zlgwk ri wkh pdlq vshfwudo oreh ghfuhdvhv zlwk lqfuhdvlqj O

exw lqfuhdvhv zlwk lqfuhdvlqj k ru P 1 Ilqdoo|/ Dqghuvrq dqg Vxqgehuj ^9` qrwh

wkdw odujhu ydoxhv ri k jhqhudoo| ohdg wr ehwwhu EHU shuirupdqfh exw d zlghu

vshfwuxp1

K A 4= Lqfuhdvlqj K srwhqwldoo| ghfuhdvhv EHU iru �{hg ydoxhv ri He@Q3

ru ghfuhdvhv uhtxluhg H
e
@Q3 iru �{hg ydoxhv ri EHU/ exw wklv wudgh0r� ehwzhhq
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EHU ru uhtxluhg He@Q3 dqg lqfuhdvhg frpsoh{lw| lv xqidyrudeoh eh|rqg K @
71 Vdvdvh dqg Prul ^8` dqg rwkhuv uhsruw wkdw 70du| 50k PKFSP dfklhyhv

vljqdo hqhuj| lpsuryhphqw ri derxw 5 gE ryhu erwk 70du| vlqjoh0k dqg elqdu|

PKFSP dw wkh vdph edqgzlgwk1 Ohwwlqj k @ +4@K,
S

K�4
l@3 kl ghqrwh wkh phdq

prgxodwlrq lqgh{/ Dqghuvrq hw do1 ^5/ Wdeoh 614` suhvhqw uhvxowv wkdw vxjjhvw

wkdw prvw jrrg vfkhphv zlwk K @ 5> 6> ru 7 vkrxog kdyh ydoxhv ri k ehwzhhq 3=8

dqg 3=: zlwk wkh ydoxhv ri kl forvh wrjhwkhu1 Wkh| dovr uhsruw wkdw wkh vshfwudo

fkdudfwhulvwlfv ri d PKFSP vfkhph zlwk phdq prgxodwlrq lqgh{ k dqg zkhuh

wkh ydoxhv ri kl duh forvh wrjhwkhu lv vlplodu wr d FSP vfkhph zlwk k @ k1

516 Vwdwh Prgho

Gh�qlqj wkh vwdwh yhfwru/ �q 5 	/ e|

�q / +�q> �q�4> �q�5> = = = > �q�+O�4,,> +44,

lw lv fohdu iurp htxdwlrqv +:, dqg +;, wkdw wkh skdvh dqg/ khqfh wkh vljqdo/ lv

frpsohwho| ghwhuplqhg ryhu wkh lqwhuydo ^qWv> +q . 4,Wv, dqg vxevhtxhqw lqwhu0

ydov e| �q dqg qhz gdwd v|perov �q> �q.4> = = = 1 Zh qrwh wkdw wkh phpru|

lqwurgxfhg lqwr wkh skdvh surfhvv e| wkh frqwlqxlw| frqvwudlqw dqg sxovh ohqjwk/

O/ lv uh hfwhg lq wkh ghshqghqfh ri wkh vwdwh yhfwru rq wkh skdvh vwdwh/ �q/ dqg

wkh O�4 suhylrxv gdwd v|perov/ �q�4> �q�5> = = = > �q�+O�4,1 FSP v|vwhpv wkdw

duh sudfwlfdo lq d ghfrglqj vhqvh pxvw eh uhsuhvhqwdeoh e| d �qlwh qxpehu ri

vwdwhv zlwk dq dvvrfldwhg vwdwh wuhoolv1

Wkh �qlwh0vwdwh uhtxluhphqw iru sudfwlfdo ghfrglqj fdq eh ixo�oohg rqo| li �q
wdnhv rq d �qlwh qxpehu ri ydoxhv1 Wklv frqvwudlqw rq �q lv vdwlv�hg xqghu wkh

frqglwlrqv wkdw= +4, iru hdfk l @ 3> 4> = = = > K � 4 wkh prgxodwlrq lqgh{/ kl/ lv

d udwlrqdo qxpehu h{suhvvleoh dv kl @ 5ul@s/ zkhuh ul dqg s duh lqwhjhuv/ dqg

+5, wkh jfg+u3> u4> = = = > uK�4> s, @ 4/ zkhuh jfg ghqrwhv wkh juhdwhvw frpprq

glylvru1 Vxevwlwxwlqj h{suhvvlrqv iru kl lq wkh irup jlyhq e| frqglwlrq +4, lqwr

wkh �uvw olqh ri htxdwlrq +<, lw iroorzv wkdw

�q @ +5�@s,

q�O[

l@�4

ul�l=

Wkhq/ dsso|lqj wkh Hxfolghdq dojrulwkp wr wkh vxppdwlrq/ lw fdq eh vhhq wkdw

wkh skdvh vwdwhv duh jlyhq e|

�q 5 � @

�
Vm = Vm @ m

5�

s
/ iru m @ 3> 4> = = = > s� 4

�
+prg 5�,1 +45,

Ohwwlqj wkh rshudwru m�m ghqrwh wkh fduglqdolw| ri d vhw/ lw lv fohdu wkdw m�m @ s dqg/

wkhuhiruh/ wkdw dv uhtxluhg iru sudfwlfdo ghfrglqj/ m	m lv �qlwh dqg ixuwkhupruh

iurp htxdwlrq +44, wkdw

m	m @ sP
+O�4,

1 +46,
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Frqglwlrq +5, lqvxuhv wkdw m�m lv plqlpdo lq vl}h vlqfh li jfg+u3> u4> = = = > uK�4> s, @

g A 4 dqg s @ hsg/ wkhq e| d vlplodu ghulydwlrq lw fdq eh vkrzq wkdw

�q 5 h� @

�
Vm = Vm @ m

5�hs / iru m @ 3> 4> = = = > hs� 4

�
+prg 5�,>

lq zklfk fdvh mh�m @ hs ? s dqg mh	m @ hsP +O�4,
1

Li dq| ri wkh prgxodwlrq lqglfhv lv jlyhq e| kl @ ul@s zlwk ul dq rgg qxpehu/

�uvw h{suhvv kl htxlydohqwo| dv kl @ 5ul@s
3

zkhuh s
3

@ 5s/ dqg wkhq xvh s
3

lq

sodfh ri s lq htxdwlrqv +45, dqg +46, wr frpsxwh wkh ydoxhv ri wkh skdvh vwdwhv/

Vm / dqg wkh qxpehu ri vwdwhv/ m	m/ uhvshfwlyho|1 Iru qrwdwlrqdo sxusrvhv/ zh qrwh

wkdw � fdq eh sduwlwlrqhg dv � @ �hyhq ^�rgg / zkhuh

�hyhq / iVm 5 � = m lv hyhqj

lv wkh vxevhw ri vwdwhv zlwk hyhq0qxpehuhg lqglfhv dqg

�rgg / iVm 5 � = m lv rggj

lv wkh vxevhw ri vwdwhv zlwk rgg0qxpehuhg lqglfhv1

Uhpdun 4 Li K @ 4 dqg s lv hyhq lw fdq eh vkrzq iurp htxdwlrq +<, wkdw li

�q 5 �hyhq wkhq �q.4 5 �rgg dqg li �q 5 �rgg wkhq �q.4 5 �hyhq 1 Wkxv/ li s lv

hyhq/ wkh qxpehu ri skdvh vwdwhv rffxslhg lq dq| v|pero lqwhuydo lv uhgxfhg e|

kdoi1

517 Ixoo0Uhvsrqvh FSP

Lq wkh ixoo0uhvsrqvh fdvh +O @ 4, wkh ghshqghqfh rq� lq htxdwlrq +;, dqg/ khqfh/

lq htxdwlrq +:, lqyroyhv rqo| wkh vlqjoh gdwd v|pero �
q
/ vr lq wklv fdvh zh dgrsw

wkh qrwdwlrq �+w> �q, iru �+w>�, dqg !+w> �q, iru !+w>�,1 Xvlqj wklv qrwdwlrq lq

htxdwlrqv +:,/ +;,/ dqg +<,/ lw iroorzv wkdw rq wkh lqwhuydo qW
v � w ? +q. 4,W

v
/

wkh skdvh pd| eh zulwwhq dv

!+w> �q, @ �+w> �q, . �q> +47,

dqg ixuwkhupruh wkdw �+w> �
q
, vlpsol�hv wr

�+w> �q, @ 5�kq�qt+w� qWv,> +48,

dqg wkdw

�
q
@ �

q�4 . �k
q�4�q�4= +49,

Lq wklv fdvh wkh vwdwh yhfwru/ �
q
/ uhgxfhv wr d vfdodu jlyhq e| wkh skdvh vwdwh/

�q> wkh fxuuhqw gdwd v|pero/ �q/ ghwhuplqhv wkh wudqvlwlrq iurp wkh fxuuhqw

skdvh vwdwh/ �q/ wr wkh qh{w skdvh vwdwh/ �
q.4> dqg wklv wudqvlwlrq gh�qhv wkh

dfwxdo ixqfwlrq ri wlph wkdw lv wudqvplwwhg gxulqj wkh qwk v|pero lqwhuydo1 Iru

wkh uhpdlqghu ri wklv grfxphqw/ zh frqvlghu rqo| wkh ixoo0uhvsrqvh fdvh zlwk

�qlwh0ohqjwk gdwd vhtxhqfh � @ +�3> �4> = = = > �L
,1

:



�q.4

�q �q @ �4 �q @ .4
V6 V5 V3

V5 V4 V6

V4 V3 V5

V3 V6 V4

Wdeoh 4= Skdvh vwdwh wudqvlwlrqv iru PVN1

H{dpsoh 4 Frqvlghu plqlpxp0vkliw nh|lqj +PVN,/ zklfk lv d vshfldo fdvh
ri elqdu| FSP zlwk d ixoo0uhvsrqvh/ uhfwdqjxodu sxovh +4UHF, dqg d vlqjoh

prgxodwlrq lqgh{/ k @
4

5
@

5�4

7
1 Lq wklv h{dpsoh/ P @ i�4>.4j dqg �q @

�
q 5 � @ i3> �

5
> �> 6�

5
j/ zkhuh skdvh vwdwh wudqvlwlrqv iurp �

q
wr �

q.4 duh

ghwhuplqhg dffruglqj wr htxdwlrq +49,1 Vhh ehorz +Ilj1 6, iru d gldjudp ri wkh

skdvh vwdwh wuhoolv iru PVN1 Wkh h�hfw ri dq hyhq ydoxh ri s lv vhhq lq wkdw

hyhq0qxpehuhg +rgg0qxpehuhg, skdvh vwdwhv wudqvlwlrq wr rgg0qxpehuhg +hyhq0

qxpehuhg, skdvh vwdwhv dv qrwhg deryh +Uhpdun 4,1 Iru hqfrglqj +vhfwlrq 51914,

dqg ghfrglqj +vhfwlrq 51916,/ wkh wudqvlwlrq lqirupdwlrq fdq eh vwruhg lq wdexodu

irup dv deryh +Wdeoh 4,1 Lq dfwxdo lpsohphqwdwlrq wkh ghfrglqj surfhvv fdq

eh vlpsol�hg ixuwkhu xvlqj wkh nqrzohgjh wkdw rqo| kdoi ri wkh skdvh vwdwhv duh

rffxslhg dw dq| wlph1

�
�
 6

�
�

S 6

S 
�
6

��
� S 6

Q ��Q ��QQ

Iljxuh 6= Skdvh vwdwh wuhoolv vhfwlrq iru PVN ehwzhhq v|pero lqwhuydov q dqg

q . 5/ zkhuh wudqvlwlrqv jhqhudwhg e| �
q
@ �4 dqg �

q.4 @ �4 duh ghslfwhg

zlwk gdvkhg olqhv dqg wudqvlwlrqv jhqhudwhg e| �q @ .4 dqg �q.4 @ .4 duh

ghslfwhg zlwk vrolg olqhv1

Iru qrq0elqdu| PKFSP/ Wdeoh 4 fdq eh h{sdqghg hdvlo| wr doorz iru ghshq0

ghqfh rq pruh wkdq wzr gdwd v|pero ydoxhv dqg rq pruh wkdq rqh prgxodwlrq

lqgh{1 Dv lq wkh frqvwdqw0k fdvh +H{dpsoh 4, wkhuh duh vshfldo fdvhv ri PKFSP

lq zklfk rqo| vrph ri wkh skdvh vwdwhv duh rffxslhg dw dq| wlph/ doorzlqj iru d

;



vlplodu vlpsol�fdwlrq ri wkh PKFSP ghfrglqj surfhvv1 Vhh ehorz +H{dpsoh 5,

iru d ghvfulswlrq ri vxfk d fdvh1

H{dpsoh 5 Frqvlghu wkh 70du|/ 50k/ ixoo0uhvsrqvh zdyhirup ghvfulehg lq PLO0

VWG04;;04;4E ^4` zkhuh rqh ri wkh qxphudwruv ri k3 dqg k4 lv dq hyhq qxpehu

dqg wkh rwkhu lv dq rgg qxpehu1 Iurp htxdwlrq +49, lw iroorzv wkdw li wkh ydoxh ri
k
q
kdv dq hyhq qxphudwru wkhq dq hyhq0qxpehuhg +rgg0qxpehuhg, skdvh vwdwh/

�q/ zloo wudqvlwlrq wr dq hyhq0qxpehuhg +rgg0qxpehuhg, skdvh vwdwh/ �q.4/ dqg

li wkh ydoxh ri kq kdv dq rgg qxphudwru wkhq dq hyhq0qxpehuhg +rgg0qxpehuhg,
skdvh vwdwh/ �

q
/ zloo wudqvlwlrq wr dq rgg0qxpehuhg +hyhq0qxpehuhg, skdvh vwdwh/

�q.41 Ohwwlqj k
h

q
ghqrwh wkh fdvh zkhq wkh ydoxh ri kq kdv dq hyhq qxphudwru

dqg k
r

q
ghqrwh wkh fdvh zkhq wkh ydoxh ri k

q
kdv dq rgg qxphudwru/ wkhvh wudq0

vlwlrqv ryhu irxu v|pero lqwhuydov fdq eh vxppdul}hg e| wkh iroorzlqj f|folfdoo|

uhshdwlqj gldjudp

�hyhq

k
h

q

�$ �hyhq

k
r

q.4

�$ �rgg

k
h

q.5

�$ �rgg

k
r

q.6

�$ �hyhq =

518 Edvhedqg Fruuhodwlrq Uhfhlyhu

Iroorzlqj wkh ghulydwlrq lq Dqghuvrq hw do1 ^5`/ lw lv dvvxphg wkdw wkh uhfhlyhg

vljqdo/ u+w,/ lv h{suhvvleoh dv

u+w, @ v+w>�, .Q+w,> +4:,

zkhuh Q +w, lv edqgsdvv zklwh Jdxvvldq qrlvh +ESZJQ, jlyhq e|

Q+w, @ LQ +w, frv 5�i3w�TQ +w, vlq 5�i3w= +4;,

Wkh pd{lpxp olnholkrrg vhtxhqfh hvwlpdwh +POVH, pd{lpl}hv wkh orj olnholkrrg

ixqfwlrq

orj+S +u+w,m�, � �

] .4

�4

^u+w,� v+w>�,`
5
gw +4<,

zlwk uhvshfw wr wkh vhtxhqfh �1 Lw lv htxlydohqw wr pd{lpl}h wkh fruuhodwlrq

M+�, @

] .4

�4

u+w,v+w>�,gw +53,

zlwk uhvshfw wr wkh vhtxhqfh � dv wkh edvlv iru d fruuhodwlrq uhfhlyhu1 Fdofxodwlrq
ri wklv fruuhodwlrq lv qrw ihdvleoh lq sudfwlfh/ vr frqvlghu lqvwhdg

Mq+�, @

] +q.4,Wv

�4

u+w,v+w>�,gw> +54,

zklfk lv fdofxodwhg uhfxuvlyho| dv

M
q
+�, @ M

q�4+�, . ]
q
+�> �

q
,> +55,

<



zkhuh

]
q
+�> �

q
, / 5

] +q.4,Wv

qWv

u+w,v+w>�,gw= +56,

Wkh phwulfv ]
q
+�> �

q
, duh vhhq wr eh wkh fruuhodwlrq ehwzhhq wkh uhfhlyhg vljqdo

dqg doo srvvleoh wudqvplwwhg vljqdo dowhuqdwlyhv ryhu wkh qwk v|pero lqwhuydo1 Wr
fkrrvh wkh vhtxhqfh e� wkdw pd{lpl}hv wkh orj olnholkrrg ixqfwlrq +4<, xs wr wkh

q
wk v|pero lqwhuydo zh xvh wkh zhoo0nqrzq Ylwhuel dojrulwkp +vhfwlrq 51916,1

Vlqfh zh dvvxph ixoo0uhvsrqvh FSP zh zloo ghqrwh ghshqghqfh rq � lq dq|

iroorzlqj htxdwlrqv dv d ghshqghqfh rqo| rq �q dv lq wkh suhylrxv vhfwlrq1

Vxevwlwxwlqj iru u+w, xvlqj htxdwlrq +4:, dqg wkhq vxevwlwxwlqj iru v+w>�, dqg
Q+w, xvlqj htxdwlrqv +5, dqg +4;,/ uhvshfwlyho|/ pxowlso|lqj whupv/ dsso|lqj

wuljrqrphwulf lghqwlwlhv/ dqg rplwwlqj grxeoh iuhtxhqf| whupv/ lw fdq eh vkrzq

wkdw

]
q
+�

q
> �
q
, @

s
5H

v
@W

v

] +q.4,Wv

qWv

khL+w> �
q
,L+w> �

q
, . hT+w> �

q
,T+w> �

q
,
l
gw>

+57,

zkhuh

hL+w> �
q
, @

s
5H

v
@W

v
L+w> �

q
, . L

Q
+w, +58,

dqg

hT+w> �q, @s
5Hv@WvT+w> �q, .TQ +w,= +59,

Iru vlpsolflw|/ wkhuhiruh/ zh frqvlghu rqo| wkh edvhedqg fruuhodwlrq uhfhlyhu gh0

�qhg e| htxdwlrq +57, dqg vkrzq lq eorfn gldjudp irup ehorz +Ilj1 7,1
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Iljxuh 7= Eorfn gldjudp ri edvhedqg FSP uhfhlyhu1
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Iurp htxdwlrqv +58, dqg +59, dqg dv vkrzq lq wkh deryh uhfhlyhu vwuxfwxuh/

wkh uhfhlyhg lq0skdvh vljqdo/ hL+w> �q,/ lv wkh vxp ri wkh wudqvplwwhg lq0skdvh

vljqdo/ L+w> �q,/ dqg wkh lq0skdvh frpsrqhqw/ LQ +w,/ ri wkh ESZJQ> zkloh wkh

uhfhlyhg txdgudwxuh vljqdo/
hT+w> �q,/ lv wkh vxp ri wkh wudqvplwwhg txdgudwxuh

vljqdo/ T+w> �
q
,/ dqg wkh txdgudwxuh frpsrqhqw/ T

Q
+w,/ ri wkh ESZJQ1 Iru

fodul�fdwlrq ri htxdwlrq +57, dqg ri wkh uhfhlyhu gldjudp +Ilj1 7,/ zh hpskd0

vl}h wkdw wkh edvhedqg uhfhlyhu fruuhodwhv wkh uhfhlyhg lq0skdvh vljqdo ryhu rqh

v|pero lqwhuydo zlwk doo srvvleoh wudqvplwwhg lq0skdvh dowhuqdwlyhv ryhu wkdw

v|pero lqwhuydo/ qdpho| iL+w> �q, = �q 5 Pj/ dqg vlploduo| fruuhodwhv wkh uh0

fhlyhg txdgudwxuh vljqdo ryhu rqh v|pero lqwhuydo zlwk doo srvvleoh wudqvplwwhg

txdgudwxuh dowhuqdwlyhv ryhu wkdw v|pero lqwhuydo/ qdpho| iT+w> �q, = �q 5Pj1
Vxevwlwxwlqj iru L+w> �q, dqg T+w> �q, iurp htxdwlrqv +6, dqg +7,/ uhvshf0

wlyho|/ dqg iru !+w>�, @ !+w> �
q
, iurp htxdwlrq +47,/ dqg dsso|lqj d wuljrqr0

phwulf lghqwlw| jlyhv

]
q
+�

q
> �
q
, @

s
5H

v
@W

v
frv+�

q
,

] +q.4,Wv

qWv

hL+w> �
q
, frv �+w> �

q
,gw

.
s
5Hv@Wv frv+�q,

] +q.4,Wv

qWv

hT+w> �q, vlq �+w> �q,gw
.
s
5Hv@Wv vlq+�q,

] +q.4,Wv

qWv

hT+w> �q, frv �+w> �q,gw
�
s
5H

v
@W

v
vlq+�

q
,

] +q.4,Wv

qWv

hL+w> �
q
, vlq �+w> �

q
,gw> +5:,

zklfk pdnhv h{solflw wkh ghshqghqfh ri ]q+�q> �q, rq erwk �q dqg �q1 Wkh

txdqwlwlhv i]q+�q> �q, = �q 5 P> �
q 5 �j rxwsxw e| wkh uhfhlyhu +Ilj1 7, duh

wkh eudqfk phwulfv ri wkh Ylwhuel dojrulwkp +vhfwlrq 51916,1 Fohduo| wkhq/ wkhuh

duh dw prvw P m�m ydoxhv ri ]q+�q> �q, ryhu hdfk v|pero lqwhuydo> lq idfw/ wkhuh

fdq eh ihzhu ydoxhv ri ]
q
+�

q
> �
q
,/ vxfk dv iru frqvwdqw0k FSP zdyhirupv +Uh0

pdun 4, ru wkh PLO0VWG04;;04;4E PKFSP zdyhirupv +H{dpsoh 5, zklfk rqo|

kdyh P m�m@5 ydoxhv ri ]
q
+�

q
> �
q
, ryhu hdfk v|pero lqwhuydo1

519 Vlpxodwlrq

Lq rxu vlpxodwlrqv zh dvvxph d edvhedqg wudqvplwwhu +Ilj1 4, dqg d edvhedqg

fruuhodwlrq uhfhlyhu +Ilj1 7, vr wkdw rxu uhvxowv duh lqghshqghqw ri fduulhu iuh0

txhqf|/ i3/ dqg elw udwh/ U
e
1 Iru wkh sxusrvhv ri vlpxodwlrq/ wlph pxvw eh

glvfuhwl}hg/ ru vdpsohg/ dqg wkh htxdwlrqv hydoxdwhg dw vdpsohg srlqwv1 Wklv

lv dffrpsolvkhg e| vhwwlqj d vdpsolqj iuhtxhqf|/ ivdp / gh�qhg dv wkh qxp0

ehu ri vdpsohv shu v|pero lqwhuydo/ Wv/ dqg e| gh�qlqj wkh vdpsolqj lqwhu0

ydo/ Wvdp / dv Wvdp / Wv@ivdp 1 Dv lpsohphqwhg lq wkh vlpxodwlrqv/ wkh htxd0

wlrqv iurp suhylrxv vhfwlrqv duh hydoxdwhg dw wlphv w @ qW
v
. nWvdp / zkhuh

n @ 3> 4> 5> = = = > ivdp � 4 dqg q @ 3> 4> = = = > L1
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H{dpsoh 6 Frqvlghu wkh fdvh zkhq j+w, lv wkh 4UHF sxovh/ vr wkdw/ dffruglqj

wr htxdwlrq +9,/ t+w, lv d udps ixqfwlrq +Ilj1 5/ 4UHF, jlyhq e|

t+w, @

;?
=

3> li w � 3
w

5Wv
/ li 3 � w � Wv

4

5
/ li w � Wv1

Hydoxdwlqj htxdwlrq +48, dw vdpsohg srlqwv w @ qWv . nWvdp dqg vxevwlwxwlqj
lqwr htxdwlrq +47, jlyhv

!+qWv . nWvdp > �q, @ 5�k�qt+nWvdp , . �q

@ +5�k�q,
nWvdp

5Wv
. �q

@ �k�q

n

ivdp

. �q> +5;,

iru n @ 3> 4> 5> = = = > ivdp � 4 dqg q @ 3> 4> = = = > L1 Zh qrwh wkdw zkhq hydoxdwhg

dw vdpsohg ydoxhv/ ! lv lqghshqghqw ri Wv/ dqg khqfh ri Ue dv fodlphg/ dqg zh
uhplqg wkh uhdghu wkdw vxffhvvlyh ydoxhv ri �q pd| eh rewdlqhg iurp d orrn0xs

wdeoh dv lq H{dpsoh 4 +Wdeoh 4,1

Vlpxodwlrq ri wkh hqfrglqj lv dffrpsolvkhg e| d surjudp zklfk shuirupv

wkh ixqfwlrqv ri wkh Vhuldo0wr0Sdudooho/ Elqdu|0wr0P0du| Pdsslqj/ dqg P 0du|

FSP Prgxodwru eorfnv lq wkh edvhedqg FSP wudqvplwwhu gldjudp +Ilj1 4,/

dv ghvfulehg ehorz lq vhfwlrq 519141 Vlpxodwlrq ri wkh edvhedqg fruuhodwlrq

uhfhlyhu +Ilj1 7, lv ghvfulehg lq vhfwlrq 51915/ dqg �qdoo| vlpxodwlrq ri wkh

ghfrglqj lv ghvfulehg lq vhfwlrq 519161

51914 Hqfrglqj

Vhuldo0wr0Sdudooho Wklv frgh jurxsv wkh lqfrplqj vwuhdp ri elwv lqwr vxffhv0

vlyh eorfnv ri lqirupdwlrq elwv1

41 lqsxwv=

� vhtxhqfh ri udqgrpo| jhqhudwhg elwv/ el3 / iru l
3
@ 4> 5> = = = > L 3

� ydoxh ri P +PLO0VWG lv 7,

51 frpsxwdwlrqv=

� p @ orj5P

61 rxwsxwv=

� lqsxw elwv/ el3 / jurxshg lqwr vhtxhqfh ri eorfnv/ el/ hdfk frqwdlqlqj

p elwv
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Elqdu|0wr0P0du| Wklv frgh pdsv hdfk eorfn ri p lqirupdwlrq elwv lqwr dq

P0du| v|pero doskdehw1

41 lqsxwv=

� ydoxh ri P +PLO0VWG lv 7,/ zklfk pxvw eh uhsuhvhqwdeoh dv d srzhu

ri 5

� vhtxhqfh ri eorfnv/ el> hdfk frqwdlqlqj p elwv

51 frpsxwdwlrqv=

� jhqhudwlrq ri P 0du| doskdehw/ P @ i	4>	6> = = = >	+P � 4,j

� elqdu|0wr0P 0du| pds

61 rxwsxwv=

� ydoxh ri �l 5 P fruuhvsrqglqj wr hdfk lqsxw eorfn/ el/ iru l @

3> 4> 5> = = = > L

P0du| FSP Prgxodwru Wklv frgh jhqhudwhv vdpsohv ri wkh FSP zdyh0

irup1 Iru vlpsolflw|/ zh uhvwulfw rxu ghvfulswlrq wr wkh PLO0VWG PKFSP

zdyhirup/ zkhuh K @ 5 dqg j+w, lv wkh 4UHF sxovh1

41 lqsxwv=

� ydoxhv ri P +PLO0VWG lv 7,/ k3/ k4/ dqg ivdp

� ydoxhv ri �l/ iru l @ 3> 4> 5> = = = > L

51 frpsxwdwlrqv=

� lqlwldol}h �3 wr V3 @ 3

� jhqhudwh skdvh vwdwh orrn0xs wdeoh/ dv lq H{dpsoh 4 +Wdeoh 4,/ iru

hdfk ydoxh ri kl

� frpsxwh ydoxhv ri
n

ivdp
iru n @ 3> 4> 5> = = = > ivdp � 4

� frpsxwh ydoxhv ri !+w>�, dw vdpsohg srlqwv xvlqj htxdwlrq +5;,/

zlwk k3 ru k4 vxevwlwxwhg iru k/ dqg zlwk ydoxhv ri �q rewdlqhg iurp

d orrn0xs wdeoh

� frpsxwh ydoxhv ri L+w>�, dqg T+w>�, dw vdpsohg srlqwv iurp htxd0

wlrqv +6, dqg +7,/ uhvshfwlyho|

61 rxwsxwv=

� ydoxhv ri L+w>�, dqg T+w>�, dw vdpsohg srlqwv
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51915 Edvhedqg Fruuhodwlrq Uhfhlyhu

Iru wkh sxusrvhv ri vlpxodwlrq wkh eudqfk phwulfv/ ]q+�q> �q,/ rxwsxw e| wkh

edvhedqg fruuhodwru uhfhlyhu +Ilj1 7,/ duh hvwlpdwhg e| dssur{lpdwlqj hdfk ri

wkh lqwhjudov lq htxdwlrq +5:, e| Ulhpdqq vxpv1 Iru h{dpsoh/ wkh Ulhpdqq

vxp dssur{lpdwlrq ri wkh lqwhjudo

] +q.4,Wv

qWv

i+w,gw

edvhg rq vdpsohv ri i+w, dw srlqwv w @ qWv . nWvdp / lv jlyhq e|

ivdp�4[

n@3

Wvdpi+qWv . nWvdp,=

Ghqrwlqj vdpsohv ri hL+w> �q, dw wlphv w @ qWv . nWvdp e| hL+q>n,+�q, dqg
xvlqj htxdwlrq +58, lw iroorzv wkdw

hL+q>n,+�q, / hL+qWv . nWvdp > �q,

@
s
5Hv@WvL

+q>n,+�q, . L
+q>n,

Q > +5<,

zkhuh

L+q>n,+�q, / L+qWv . nWvdp > �q, +63,

dqg

L
+q>n,

Q / LQ +qWv . nWvdp , +64,

ghqrwh vdpsohv ri L+w> �q, dqg LQ +w,/ uhvshfwlyho|1 Xvlqj wkh vdph qrwdwlrq/ lw

iroorzv iurp htxdwlrq +59, wkdw vdpsohv ri hT+w> �q, duh jlyhq e|

hT+q>n,+�q, / hT+qWv . nWvdp > �q,

@
s
5Hv@WvT

+q>n,+�q, .T
+q>n,

Q > +65,

zkhuh

T+q>n,+�q, / T+qWv . nWvdp > �q, +66,

dqg

T
+q>n,

Q / TQ +qWv . nWvdp , +67,

ghqrwh vdpsohv ri T+w> �q, dqg TQ +w,/ uhvshfwlyho|1
Iurp wkh surshuwlhv ri ESZJQ dqg htxdwlrq +4;,/ zh revhuyh wkdw LQ +w,

dqg TQ +w, duh lqghshqghqw Jdxvvldq surfhvvhv zlwk lghqwlfdo uhfwdqjxodu vshf0

wudo ghqvlw| ixqfwlrqv jlyhq e|

VLQ +i, @ VTQ +i, @

�
Q3/ li mi m � 4@5Wvdp
3/ rwkhuzlvh1
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Vlqfh L
+q>n,
Q

dqg T
+q>n,
Q

duh vdpsohv iurp LQ +w, dqg TQ +w,/ uhvshfwlyho|/ wdnhq dw

wkh Q|txlvw udwh ri 4@Wvdp / lw iroorzv wkdw L
+q>n,
Q

dqg T
+q>n,
Q

duh hdfk vhtxhqfhv

ri lqghshqghqw/ lghqwlfdoo| glvwulexwhg/ glvfuhwh Jdxvvldq udqgrp yduldeohv zlwk

phdq 3 dqg frpprq yduldqfh jlyhq e| Q3@Wvdp @ Q3ivdp@Wv1 Wkhuhiruh/ zh

gh�qh qhz glvfuhwh Jdxvvldq udqgrp yduldeohv/ L+q>n,
Q

@
s
WvL

+q>n,
Q

dqg T+q>n,
Q

@s
WvT

+q>n,
Q

/ kdylqj phdq 3 dqg frpprq yduldqfh jlyhq e| Q3ivdp / zklfk lv

lqghshqghqw ri Wv dqg khqfh ri Ue1

Iurp htxdwlrq +48, zh vhh wkdw vdpsolqj wkh ixqfwlrqv frv �+w> �q, dqg

vlq �+w> �q, dw wlphv w @ qWv . nWvdp jlyhv

frv �+qWv . nWvdp > �q, @ frv^5�kq�qt+nWvdp ,` +68,

dqg

vlq �+qWv . nWvdp > �q, @ vlq^5�kq�qt+nWvdp ,`= +69,

Ilqdoo|/ vxevwlwxwlqj L+q>n,
Q

@
s
Wv iru L

+q>n,
Q

lq htxdwlrq +5<, dqg T+q>n,
Q

@
s
Wv iru

T
+q>n,
Q

lq htxdwlrq +65, dqg xvlqj htxdwlrqv +68, dqg +69,/ wkh glvfuhwh Ulh0

pdqq vxp dssur{lpdwlrq ri wkh eudqfk phwulfv/ ]q+�q> �q, gh�qhg deryh lq

htxdwlrq +5:,/ lv jlyhq e|

]+glv,
q

+�q> �q, @

s
5Hv

ivdp
frv+�q,

i
v dp�4[

n@3

+
s

5HvL
+q>n,+�q, . L+q>n,Q

, frv^5�kq�qt+nWvdp ,`

.

s
5Hv

ivdp
frv+�q,

ivdp�4[

n@3

+
s

5HvT
+q>n,+�q, .T+q>n,

Q
, vlq^5�kq�qt+nWvdp ,`

.

s
5Hv

ivdp
vlq+�q,

iv dp�4[

n@3

+
s

5HvT
+q>n,+�q, .T+q>n,

Q
, frv^5�kq�qt+nWvdp ,`

�
s
5Hv

ivdp
vlq+�q,

iv dp�4[

n@3

+
s

5HvL
+q>n,+�q, . L+q>n,Q

, vlq^5�kq�qt+nWvdp ,`>

iru q @ 3> 4> = = = > L�41 Iru wkh fdvh zkhq j+w, lv wkh 4UHF sxovh/ wkh dujxphqwv

lq wkh frvlqh dqg vlqh whupv lq wkh deryh htxdwlrq vlpsoli| ixuwkhu dv lq htxd0

wlrq +5;, wr �kq�qn@ivdp 1 Lq wkh 4UHF fdvh/ wkhq/ lw lv fohdu wkdw ]
+glv,
q +�q> �q,

lv lqghshqghqw ri i3 dqg Ue dv fodlphg iru rxu vlpxodwlrqv1

51916 Ghfrglqj

Vlqfh zh frqvlghu rqo| sudfwlfdo FSP v|vwhpv zklfk duh uhsuhvhqwdeoh dv �qlwh0

vwdwh v|vwhpv zlwk dq dvvrfldwhg wuhoolv +vhfwlrq 516,/ ghfrglqj lv srvvleoh xvlqj
wkh Ylwhuel dojrulwkp +YD, lq pxfk wkh vdph zd| dv wkh YD lv xvhg iru ghfrg0

lqj frqyroxwlrqdo frghv1 Wkh YD lv d uhfxuvlyh surfhgxuh wr rewdlq dq rswlpdo

vroxwlrq wr wkh hvwlpdwlrq ri wkh vwdwh vhtxhqfh ri d �qlwh0vwdwh Pdunry surfhvv
revhuyhg lq phpru|ohvv qrlvh ^:`1 Wkh YD lv rswlpxp lq wkh vhqvh ri surylglqj
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d pd{lpxp olnholkrrg hvwlpdwh ri wkh vhtxhqfh ri vwdwhv/ fdoohg d pd{lpxp

olnholkrrg vhtxhqfh hvwlpdwh +POVH,1 Vlqfh d vshfl�f vhtxhqfh ri vwdwh wudqvl0

wlrqv dulvhv iurp d xqltxh vhtxhqfh ri gdwd v|perov/ d POVH ri vwdwhv lv dovr d

POVH ri wkh gdwd v|perov/ �l/ dqg khqfh/ ri wkh phvvdjh elwv/ el3 1

6 Frghg FSP Zdyhirup

FSP e| lwvhoi pd| eh ylhzhg dv d frglqj rshudwlrq/ vlqfh wkh skdvh surfhvv

h{klelwv phpru| lq wkh vwdwh yhfwru dv ghvfulehg deryh lq vhfwlrq 5161 Frghg

FSP lv rewdlqhg e| suhfrglqj wkh gljlwdo v|pero lqsxwv wr wkh prgxodwru dv

ghwdlohg ehorz1

614 Zdyhirup Gh�qlwlrq

Wkh suhfrglqj ri wkh gljlwdo v|pero lqsxwv uhtxluhg lq frghg FSP lv dffrp0

solvkhg e| lqvhuwlqj d iruzdug huuru fruuhfwlrq +IHF, hqfrghu zlwk udwh Uf @

o@p ehwzhhq wkh Vhuldo wr Sdudooho dqg wkh Elqdu| wr P 0du| Pdsslqj eorfnv lq

wkh edvhedqg FSP wudqvplwwhu eorfn gldjudp +Ilj1 4, dv vhhq ehorz +Ilj1 8,1

Wkxv/ wkh v|pero udwh iru frghg FSP lv jlyhq e| Uv @
Ue@Uf

p
@

Ue

pUf

/ frpsduhg

wr Ue@p iru xqfrghg FSP +vhfwlrq 514,1

6HULDO

WR

3DUDOOHO

)(&

(QFRGHU

%LQDU\

WR

0�DU\

0DSSLQJ

0�DU\

&30

0RGXODWRUPO5
F
 

��� .W,

��� .W4

L
.LFLEL

E
c

Iljxuh 8= Eorfn gldjudp ri frghg FSP wudqvplwwhu1

Lq wklv sdshu wkh IHF hqfrghu lv hlwkhu d olqhdu eorfn frgh ru d qrq0uhfxuvlyh

frqyroxwlrqdo frgh> wkhuhiruh/ dq| uhihuhqfhv ehorz wr frqyroxwlrqdo frghv vkrxog

eh xqghuvwrrg wr phdq qrq0uhfxuvlyh1 Dv lq Surdnlv ^;/ vhfwlrq ;05` zh dvvxph

wkdw wkh frqyroxwlrqdo frgh lv ri frqvwudlqw ohqjwk/ N/ frpsulvlqjN frqvhfxwlyh

vkliw uhjlvwhuv/ hdfk frqwdlqlqj o elwv/ doorzlqj iru wkh lqsxw lqirupdwlrq elwv wr

eh vkliwhg lqwr dqg dorqj wkh vhtxhqfh ri vkliw uhjlvwhuv o elwv dw d wlph1

Iru hdfk ri wkh wzr w|shv ri hqfrghu frqvlghuhg khuh/ o lqirupdwlrq elwv/

ghqrwhg e| el @ +elo> elo.4> = = = > elo.+o�4,,/ duh lqsxw/ surgxflqj p rxwsxw frgh

elwv/ ghqrwhg e| fl @ +flp> flp.4> = = = > flp.+p�4,,/ zkhuh l @ = = = >�4> 3>.4> = = = 1

Olqhdu eorfn hqfrghuv duh vdlg wr eh phpru|ohvv vlqfh wkh frghg elwv/ fl/ ghshqg

rqo| rq el dv ghwhuplqhg e| p olqhdu ixqfwlrqv ri wkh o elwv frqwdlqhg lq el> lq

sudfwlfh wkh olqhdu ixqfwlrqv duh xvxdoo| uhsuhvhqwhg e| p froxpq yhfwruv lq dq

o�p jhqhudwru pdwul{1 E| frqwudvw/ frqyroxwlrqdo hqfrghuv duh vdlg wr kdyh d

phpru| vlqfh wkh frghg elwv/ fl/ ghshqg qrw rqo| rq el exw dovr rq wkh +N�4,o

suhfhglqj elwv dv ghwhuplqhg e| p olqhdu ixqfwlrqv ri wkh No elwv frqwdlqhg lq

el> el�4> el�5> = = = >el�+N�4,1 +Iru frqyroxwlrqdo frghv lw lv dvvxphg wkdw N A 4/
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vlqfh wkh fdvh wkdw N @ 4 uhgxfhv wr d olqhdu eorfn frgh1, Dv lq Sl}}l dqg

Zlovrq ^<` zh ghvfuleh wkh hqfrglqj rshudwlrq iru hlwkhu olqhdu eorfn frghv ru

frqyroxwlrqdo frghv dqg wkh vxevhtxhqw pdsslqj rshudwlrq ixqfwlrqdoo| dv

�l @ i+el> el�4> = = = > el�+N�4,,> +6:,

zkhuh N @ 4 iru olqhdu eorfn frghv ru N A 4 iru frqyroxwlrqdo frghv1

615 Shuirupdqfh Wudgh0R�v

Frghg FSP r�huv wkh ehqh�w ri srwhqwldo frglqj jdlq dw wkh frvw ri edqgzlgwk

h{sdqvlrq dwwulexwdeoh wr wkh frgh uhgxqgdqf| dqg lqfuhdvhg frpsoh{lw| dw0

wulexwdeoh wr wkh orqjhu phpru|/ dv zloo eh vhhq lq wkh qh{w vhfwlrq1 Xvlqj wkh

<<( srzhu lq edqg gh�qlwlrq ri edqgzlgwk/ Dqghuvrq hw do1 ^5/ vhfwlrq 441617`

hvwlpdwhv wkdw wkh edqgzlgwk ri d udwh0Uf frghg FSP zdyhirup lv juhdwhu

wkdq wkh edqgzlgwk ri dq xqfrghg FSP zdyhirup e| wkh idfwru 4@Uf1 Dovr/

zkloh wkh qxpehu ri vwdwhv lq xqfrghg FSP lv jlyhq e| sP +O�4,
/ dv vhhq iurp

htxdwlrq +46,/ wkh qxpehu ri vwdwhv lq frghg FSP lqfuhdvhv h{srqhqwldoo| wr

sP +O�4,.+N�4,
/ dv zloo eh vhhq iurp htxdwlrq +6<, lq wkh qh{w vhfwlrq1

Dqghuvrq hw do1 ^5/ vhfwlrq 441618` uhpdun wkdw jrrg frghg FSIVN vfkhphv

kdyh ehhq irxqg e| hpsor|lqj d kljk udwh frqyroxwlrqdo frgh/ d odujh v|pero
doskdehw/P/ dqg d orz prgxodwlrq lqgh{1 Wkh| uhpdun ixuwkhu wkdw e| ydu|lqj

wkh v|vwhp sdudphwhuv/ sduwlfxoduo| wkh prgxodwlrq lqgh{/ gl�huhqw frpelqd0

wlrqv ri edqgzlgwk dqg srzhu vdylqjv fdq eh dfklhyhg1

616 Vwdwh Prgho

Jlyhq wkh gh�qlwlrq ri wkh vwdwh yhfwru/ �
q
/ lq vhfwlrq 516 dqg wkh ixqfwlrqdo

ghshqghqfh ri htxdwlrq +6:,/ lw iroorzv wkdw iru olqhdu eorfn ru frqyroxwlrqdoo|

hqfrghg FSP wkh vwdwh yhfwru frxog eh gh�qhg lq whupv ri wkh lqsxw gdwd dv

�
q
@ +�

q
> e
q�4> eq�5> = = = >e

q�+O�4,�+N�4,,> +6;,

zklfk ghprqvwudwhv wkh frpelqhg h�hfwv ri sxovh ohqjwk/ O/ dqg frglqj rq

phpru|1 Qrwh wkdw zkhq o @ 4 wkh vwdwh yhfwru iru hqfrghg FSP vlpsol�hv wr

�
q
@ +�

q
> e
q�4> eq�5> = = = > e

q�+O�4,�+N�4,,> +6<,

zklfk kdv wkh vdph irup dv htxdwlrq +6;, exw uhyhdov d ghshqghqfh rq wkh

lqglylgxdo lqirupdwlrq elwv1

7 V|qfkurql}dwlrq Phwkrgv

Iru frkhuhqw ghwhfwlrq/ nqrzohgjh ri wkh fduulhu iuhtxhqf| dqg skdvh dqg ri wkh

gdwd v|pero wudqvlwlrq lqvwdqwv pxvw eh dydlodeoh wr wkh uhfhlyhu1 Wkh surfhvv

ri ghwhuplqlqj wkhvh sdudphwhuv lv nqrzq dv v|qfkurql}dwlrq1 Zh hpsor|hg
wkh v|qfkurql}dwlrq phwkrg ghyhorshg e| Ploohu/ Kduulv/ dqg Vwhskhqv ^43` iru

4:



wkh PKFSP zdyhirup zklfk zdv dgrswhg e| PLO0VWG04;;04;4E ^4`1 Lq wklv

phwkrg/ v|qfkurql}dwlrq lv dfklhyhg dw wkh uhfhlyhu e| surfhvvlqj d suhdpeoh/

wudqvplwwhg dv dq PVN +elqdu|, vljqdo dw wkh 70du| gdwd v|pero udwh dqg lpph0

gldwho| suhfhglqj wkh gdwd wudqvplvvlrq +Ilj1 9,1 Wkh suhdpeoh frqwdlqv wkuhh

�hogv= d Suhdpeoh Elw Sdwwhuq +SES, iroorzhg e| d Vwduw ri Phvvdjh +VRP,

pdunhu/ erwk ri zklfk duh xvhg iru v|qfkurql}dwlrq/ dqg wkhq d Khdghu frqwdlq0

lqj prgxodwlrq/ iruzdug huuru fruuhfwlrq dqg lqwhuohdyhu lqirupdwlrq shuwdlqlqj

wr wkh wudqvplwwhg gdwd1

7UDQVPLWWHU

6WDUW�XS�

3RZHU�XS

3UHDPEOH

%LW

3DWWHUQ

620
+HDGHU 'DWD

7UDIILF

��� ELWV �� ELWV �� ELWV

06.

0RGXODWLRQ

06.

0RGXODWLRQ

06.

0RGXODWLRQ

6SHFLILHG

0RGXODWLRQ

�� PV

�PD[LPXP�

.H\ 'RZQ

Iljxuh 9= V|qfkurql}dwlrq phwkrg iru PKFSP1

Wkh SES lv d 4<50elw vwulqj/ frpsulvlqj 7; frqvhfxwlyh uhshwlwlrqv ri wkh

70elw vhtxhqfh/ 4433/ dqg kdv d srzhu vshfwuxp zlwk wrqhv fhqwhuhg dw i3 .
qiv|p@7/ zkhuh iv|p lv wkh v|pero udwh wkdw zloo eh xvhg gxulqj wkh gdwd wudqv0

plvvlrq dqg q lv dq| lqwhjhu1 Rqo| whupv fruuhvsrqglqj wr q @ 3>	4> dqg
	5/ krzhyhu/ kdyh vljql�fdqw hqhuj|1 Fduulhu iuhtxhqf|/ fduulhu skdvh/ wlplqj

lqirupdwlrq/ dqg v|pero udwh duh hvwlpdwhg iurp wkh ihdwxuhv ri d idvw Irxulhu

wudqvirup +IIW, ri wkh SES1 Vshfl�fdoo|/ fduulhu iuhtxhqf| lv hvwlpdwhg e| wkh

iuhtxhqf| ri wkh q @ 3 wrqh/ fduulhu skdvh lv hvwlpdwhg e| wkh skdvh ri wkh

q @ 3 wrqh/ v|pero skdvh +wlplqj, lv hvwlpdwhg iurp wkh skdvh ri wkh wrqhv

dw q @ 	4 dqg dw q @ 3/ dqg v|pero udwh lv hvwlpdwhg iurp wkh vsdflqj eh0

wzhhq wkh q @ 3 dqg q @ 	4 wrqhv1 Ilqdoo|/ wlplqj ri wkh prgxodwlrq lqglfhv/

fdoohg vxshuedxg wlplqj/ dqg wlplqj uhtxluhg iru ghpdqg dvvljqhg pxowlsoh df0

fhvv +GDPD, vfkhphv/ fdoohg iudph v|qfkurql}dwlrq/ duh hvwdeolvkhg iurp wkh

rxwsxw ri d fruuhodwru rshudwlqj rq wkh 490elw VRP vhtxhqfh/ 4343 4433 3344

43441

8 Vlpxodwlrq Uhvxowv

Zh frqgxfwhg wzr vlpxodwlrq vwxglhv/ �uvw ri shuirupdqfh uhvxowv iru xqfrghg

dqg frghg PKFSP dvvxplqj shuihfw v|qfkurql}dwlrq +vhfwlrq 814, dqg wkhq

shuirupdqfh uhvxowv lq dftxlulqj v|qfkurql}dwlrq +vhfwlrq 815, xvlqj wkh phwkrgv

ri vhfwlrq 71
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814 Dvvxplqj V|qfkurql}dwlrq

Zh shuiruphg vlpxodwlrqv ri 70du| +P @ 7, PKFSP zlwk d ixoo0uhvsrqvh +O @

4, uhfwdqjxodu iuhtxhqf| sxovh +4UHF, xvlqj wkh �yh vhwv ri ydoxhv iru K @

ik3> k4j vshfl�hg lq PLO0VWG04;;04;4E ^4` dqg dvvxplqj dq dgglwlyh zklwh

Jdxvvldq qrlvh fkdqqho1 Zh kdyh lqfoxghg sorwv ri rxu vlpxodwlrq uhvxowv rqo|

iru wkh orzhvw dqg kljkhvw vhwv ri ydoxhv ri K/ i7@49> 8@49j0FSP +Ilj1 :/ wrs,

dqg i45@49> 46@49j0FSP +Ilj1 :/ erwwrp,/ uhvshfwlyho|/ vlqfh uhvxowv iru wkh

rwkhu wkuhh vhwv ri ydoxhv ri K ydu| ehwzhhq wkhvh h{wuhphv1

Lq dgglwlrq wr shuirupdqfh fxuyhv iru vlpxodwlrq uhvxowv hdfk sorw lqfoxghv/

iru frpsdulvrq/ wkhruhwlfdo shuirupdqfh fxuyhv iru i7@49> 8@49j0FSP ru i45@49>

46@49j0FSP dqg iru PVN/ zklfk lv lq idfw elqdu| +P @ 5, FSP zlwk d ixoo0

uhvsrqvh +O @ 4, uhfwdqjxodu iuhtxhqf| sxovh +4UHF, dqg vlqjoh prgxodwlrq

lqgh{ k @ 4@51 Wkh wkhruhwlfdo shuirupdqfh fxuyh iru PVN lv ydolg dw doo ydoxhv

ri He@Q3 dqg lv lghqwlfdo wr wkh fxuyh iru ESVN1 Wkh wkhruhwlfdo shuirupdqfh

fxuyhv iru wkh i7@49> 8@49j0 dqg i45@49> 46@49j0FSP zdyhirupv zhuh jhqhudwhg

iurp dq dssur{lpdwlrq edvhg rq wkh plqlpxp glvwdqfh surshuwlhv ri hdfk FSP

zdyhirup jlyhq lq Dqghuvrq hw do1 ^5/ htxdwlrq 6164`1 Wkh wkhruhwlfdo FSP

zdyhirup fxuyhv duh ydolg dw kljk ydoxhv ri He@Q3 dqg surylgh dq hvwlpdwh ri

wkh pd{lpxp jdlq dwwdlqdeoh e| FSP uhodwlyh wr PVN zklfk/ dv vhhq lq wkh

sorwv/ lv dssur{lpdwho| 5=7 gE iru wkh i7@49> 8@49j0FSP zdyhirup dqg 7=9 gE

iru wkh i45@49> 46@49j0FSP zdyhirup1 Wkh jdlq ri PKFSP uhodwlyh wr PVN

lv dwwulexwdeoh wr wkh lqfuhdvh lq K iurp 4 iru PVN wr 5 iru PKFSP dqg wr

wkh lqfuhdvh lq P iurp 5 iru PVN wr 7 iru PKFSP1

Wkh frghv xvhg lq wkh frqyroxwlrqdoo| hqfrghg FSP vlpxodwlrqv zhuh Uf @

4@5 dqg N @ : frqyroxwlrqdo frghv> zkhuhdv wkh frghv xvhg lq wkh Uhhg0

Vrorprq +UV, hqfrghg FSP vlpxodwlrqv zhuh +93> 83, UV frghv/ vkruwhqhg iurp

d +96> 86, UV frgh hpsor|lqj 90elw frgh v|perov1 Iru rxu vlpxodwlrqv zh wulhg

lqwhuohdyhuv ri ghswk 7/ ;/ dqg 49 v|perov zlwk UV frghv> krzhyhu/ zh lqfoxghg

uhvxowv rqo| iurp wkh lqwhuohdyhu ri ghswk 7 v|perov vlqfh wkh dgglwlrqdo jdlq

zlwk d ghswk ri ; dqg 49 v|perov zdv pdujlqdo1

Qrwh wkdw deryh vrph ydoxh ri He@Q3 lq hdfk sorw wkh shuirupdqfh fxuyh iru

vlpxodwhg FSP olhv ehwzhhq wkh wkhruhwlfdo shuirupdqfh fxuyhv iru FSP dqg

PVN dv h{shfwhg1 Dovr qrwh wkdw lq wkh surjuhvvlrq iurp i7@49> 8@49j0FSP wr

frqyroxwlrqdoo| hqfrghg i7@49> 8@49j0FSP/ wr UV hqfrghg i7@49> 8@49j0FSP/

dqg �qdoo| wr lqwhuohdyhg UV hqfrghg i7@49> 8@49j0FSP vlpxodwhg jdlqv uhodwlyh

wr PVN dw elw huuru udwh 43�9 lqfuhdvh prqrwrqlfdoo| iurp dssur{lpdwho| 4=8

gE wr 8 gE +Ilj1 :/ wrs,1 D vlplodu surjuhvvlrq ri hyhq odujhu jdlqv lv hylghqw lq

wkh fdvh ri i45@49> 46@49j0FSP +Ilj1 :/ erwwrp, dw wkh frvw ri juhdwhu vshfwudo

rffxsdqf| wkdq iru i7@49> 8@49j0FSP1

815 Dftxlulqj V|qfkurql}dwlrq

Lq wklv vlpxodwlrq zh jhqhudwhg d uhfhlyhg lqwhuphgldwh iuhtxhqf| 70du| +P @ 7,

PKFSPzdyhirup fruuxswhg e| dgglwlyh Jdxvvldq qrlvh/ dqg wkhq h{wudfwhg hv0

wlpdwhv ri wkh irxu sdudphwhuv iurp ihdwxuhv ri wkh IIW ri wkh SES dv ghvfulehg

4<
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Performance comparison of MSK and uncoded/coded (12/16, 13/16)-CPM
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Iljxuh := Shuirupdqfh uhvxowv iru wkhruhwlfdo PVN +PVN, dqg wkhruhwlfdo FSP

+FSP, frpsduhg wr vlpxodwhg uhvxowv iru FSP +FSP +vlp,,/ frqyroxwlrq0

doo| hqfrghg FSP +FF2FSP +vlp,,/ Uhhg0Vrorprq hqfrghg FSP +UV2FSP

+vlp,,/ dqg lqwhuohdyhg Uhhg0Vrorprq hqfrghg FSP +UVL2FSP +vlp,,1
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deryh +vhfwlrq 7,1 Xvlqj wkhvh hvwlpdwhg sdudphwhuv/ PVN ghprgxodwlrq dqg

wkhq orz0sdvv �owhulqj zdv dssolhg wr wkh zdyhirup/ iroorzhg e| PVN ghfrglqj

xvlqj d 40k FSP ghfrghu1 Ilqdoo|/ wkh nqrzq 490elw VRP vhtxhqfh zdv fru0

uhodwhg zlwk vxffhvvlyh 490elw vwulqjv ri wkh ghfrghg suhdpeoh/ l1h1/ zlwk elwv

4> 5> = = = > 49 +n @ 4,> elwv 5> 6> = = = > 4: +n @ 5,> = = = > dqg elwv 4<6> 4<7> = = = > 53;

+n @ 4<6,1 Iru rxu sxusrvhv/ v|qfkurql}dwlrq zdv gh�qhg dv VRP v|qfkur0

ql}dwlrq/ zklfk zdv dfklhyhg zkhq d shdn fruuhodwlrq ydoxh zdv rewdlqhg iru

n @ 4<61 Dv vhhq ehorz +Ilj1 ;, rxu hvwlpdwhv ri wkh suredelolw| ri VRP

v|qfkurql}dwlrq rewdlqhg iurp vlpxodwlrq udqjhg iurp 3=;<99 dw �5=3 gE wr

3=<<<9 dw 5=3 gE1 Zh revhuyhg wkdw xqvxffhvvixo/ ru idovh dftxlvlwlrq/ jhqhudoo|

rffxuuhg zkhq wkhuh zhuh ghfrglqj huuruv lq wkh uhfhlyhg VRP vhtxhqfh1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
88

90

92

94

96

98

100

P
ro

ba
bi

lit
y 

of
 S

O
M

 S
yn

ch
ro

ni
za

tio
n 

(%
)

Eb/No (dB)

Iljxuh ;= Suredelolw| ri VRP v|qfkurql}dwlrq iru PLO0VWG04;;04;4E1

Uhihuhqfhv

^4` Ghsduwphqw ri Ghihqvh/ �Lqwhurshudelolw| vwdqgdug iru vlqjoh0dffhvv 80nK}

dqg 580nK} XKI vdwhoolwh frppxqlfdwlrqv fkdqqhov/� PLO0VWG04;;04;4E/

53 Pdufk 4<<<1

^5` M1 E1 Dqghuvrq/ W1 Dxolq/ dqg F10H1 Vxqgehuj/ Gljlwdo Skdvh Prgxodwlrq/

Qhz \run= Sohqxp Suhvv/ 4<;91

^6` W1 Dxolq dqg F10H1 Z1 Vxqgehuj/ �Frqwlqxrxv skdvh prgxodwlrq�Sduw

L= ixoo uhvsrqvh vljqdolqj/� LHHH Wudqvdfwlrqv rq Frppxqlfdwlrqv/ yro1

FRP05</ qr1 6/ ss1 4<9�53</ Pdu1 4<;41
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^7` W1 Dxolq/ Q1 U|gehfn/ dqg F10H1 Z1 Vxqgehuj/ �Frqwlqxrxv skdvh

prgxodwlrq�Sduw LL= sduwldo uhvsrqvh vljqdolqj/� LHHH Wudqvdfwlrqv rq

Frppxqlfdwlrqv/ yro1 FRP05</ qr1 6/ ss1 543�558/ Pdu1 4<;41

^8` L1 Vdvdvh dqg V1 Prul/ �Pxowl0k Skdvh0Frghg Prgxodwlrq/� LHHH Frppx0

qlfdwlrqv Pdjd}lqh/ yro1 5</ qr1 45/ ss1 79�89/ Ghf1 4<<41

^9` M1 E1 Dqghuvrq dqg F10H1 Z1 Vxqgehuj/ �Ryhuylhz ri dgydqfhv lq frqvwdqw0

hqyhorsh frghg prgxodwlrq/� lq Frghg Prgxodwlrq dqg Edqgzlgwk0H!flhqw

Wudqvplvvlrq= Surfhhglqjv ri wkh Iliwk Wluuhqld Lqwhuqdwlrqdo Zrunvkrs rq

Gljlwdo Frppxqlfdwlrqv/ ss1 48�59/ 4<<51

^:` J1 G1 Iruqh|/ Mu1/ �Wkh Ylwhuel dojrulwkp/� Surfhhglqjv ri wkh LHHH/ yro1

94/ qr1 6/ ss1 59;�5:;/ Pdu1 4<:61

^;` M1 J1 Surdnlv/ Gljlwdo Frppxqlfdwlrqv/ Wklug Hglwlrq/ Qhz \run=

PfJudz0Kloo/ 4<<81

^<` V1 Y1 Sl}}l dqg V1 J1 Zlovrq/ �Frqyroxwlrqdo frglqj frpelqhg zlwk frq0

wlqxrxv skdvh prgxodwlrq/� LHHH Wudqvdfwlrqv rq Frppxqlfdwlrqv/ yro1

FRP066/ qr1 4/ ss1 53�5</ Mdq1 4<;81

^43` P1 Ploohu/ P1 Kduulv/ dqg G1 U1 Vwhskhqv/ �Dq lqqrydwlyh v|qfkurql}dwlrq

suhdpeoh iru XKI PLOVDWFRP/� Surfhhglqjv ri PLOFRP c<<1

55


